During Leg 119 of the Ocean Drilling Program (ODP), Quaternary sediments of the Southern Ocean were examined for the presence and abundance of Chaetoceros resting spores. Six drill sites were occupied along the Kerguelen Plateau. An additional five drill sites were clustered within Prydz Bay, Antarctica. Chaetoceros resting spores were present at all sites examined. These resting spore assemblages were comprised primarily of Chaetoceros neglectus and several unidentified Chaetoceros species. Resting spore assemblages accounted for approximately 20% of the total diatom assemblage (ranging from 0% to 91.4% of any given sample).
INTRODUCTION
Diatom resting spore assemblages generally account for a major fraction of the opaline sediments within regions of coastal upwelling (Calvert, 1966; Richert, 1976; Schuette and Schrader, 1979; DeVries and Schrader 1981; Stockwell and Hargraves, 1988) . The distribution patterns of spore abundances within surface sediments off Peru and southwest Africa are thought to reflect the geographically fluctuating nutrient fields associated with episodic upwelling within local surface waters (Schuette and Schrader, 1981) . Similarly, the occurrence of large numbers of Chaetoceros resting spores has generally been interpreted as being indicative of high primary production (Donegan and Schrader, 1972 ). In the polar waters of the Southern Hemisphere, however, few endemic spore formers are reported (Hargraves and French, 1983) . Even less is known about their abundances and distributions within sediments throughout the Southern Ocean.
Leg 119 of the Ocean Drilling Program (ODP) occupied 11 sites within the Southern Ocean, along the Kerguelen Plateau and south to Prydz Bay, Antarctica. The collection of these materials offered an opportunity to appraise Southern Ocean sediments for the presence of diatom resting spores with respect to time. This paper serves to document the occurrence and abundance of Chaetoceros resting spores from within the Quaternary sediments of these drill sites. The Quaternary was initially chosen, being a period of several cold/warm cycles (Donahue, 1970) , with the hope that spore abundances would reflect productivity oscillations. (Table 1) were obtained from ODP Leg 119. The upper 30 m of 14 drill sites were examined for the presence and abundance of Chaetoceros resting spores. Sedi- Table 1 . Core intervals from which spore samples were examined and generalized site information. Barron, J., Larsen, B., et al., 1991. Proc. ODP, Sci. Results, 119 a Thalassiosira lentiginosa zone used by Ciesielski (1983) . b Coscinodiscus elliptopora/Actinocyclus ingens zone used by Ciesielski (1983) . ment samples were oven dried for 24 hr at 60°C. The dry weight of each sample was measured. The samples were acid cleaned and repeatedly washed with deionized water. Slide preparations followed the sedimentation procedures of Battarbee (1973) , with modifications suggested by Schrader (1974) , Schrader and Gersonde (1978) , and Laws (1983) . Sedimentation concentrations were adjusted to represent known amounts of sediment per slide and counts adjusted to yield valves/gram sediment. Both light and electron microscope observations were made from this processed material.
METHODS

Materials for this study
Counts were made on a Nikon Model SE light microscope at a magnification of 650 ×, with the counting procedures following those described by Stockwell and Hargraves (1986) . Resting spore abundances were enumerated and their relative contribution to the total diatom assemblage documented. All counts were presented as valves per gram of sediment. Adjusted spore abundances were calculated using estimated sedimentation rates (Barron, Larsen, et al., 1989) and measured dry-bulk sediment densities (Barron, Larsen, et al., 1989) . These adjusted abundances in turn served as an estimate of resting spore productivity within each core (i.e., given as valves/cmVyr).
Quaternary sediments were initially chosen in order to follow changes in spore abundance with respect to the several cold/ warm cycles reported during this time frame (Donahue 1970 ). Due to a combination of factors (i.e., a lack in adequate age controls, differential preservation, and between-site differences in terrigenous and carbonate loadings), a mean abundance value was calculated for each site.
Ancillary productivity data and resting spore observations from water column samples (Barron, Larsen, et al., 1989) and sediment trap materials (Biggs et al., 1989) were used for water column comparisons. In addition, the percent contribution of Nitzschia kerguelensis to the total diatom assemblage was examined, as a rough estimate of sea-ice environments (Burckle et al., 1987) . Table 2 summarizes estimated abundance distributions for total spores and total diatoms per gram of sediment. In addition, the percent contribution of total Chaetoceros resting spores to total diatom abundance is shown. Percent contributions of Nitzschia kerguelensis and total pennates are also presented. Raw counts, sedimentation rates, bulk densities, and approximate age of each sample are given in the Appendix.
RESULTS
Site 736
Site 736 is located about 40 nmi east of Kerguelen Island on the northern edge of the Kerguelen-Heard Plateau in a water depth of approximately 630 m. Diatoms were abundant in all materials examined from Site 736 and preservation was, in general, good. Sedimentation rates for the intervals examined here were estimated at 86 m/m.y. (Barron, Larsen, et al., 1989) . All diatomaceous material examined from Hole 736A (to a depth of about 113 m below seafloor) was younger than 1.58 Ma. Because of incomplete recovery of sediments in the uppermost sediments of Hole 736A, a second coring site was occupied. Recovery at Hole 736B was 20 m with all spore materials younger than 0.62 Ma.
Combining both cores, 100 samples were examined for their spore assemblages. Total diatoms averaged 1.95 × 10 8 valves/g sediment for both cores. Mean diatom abundances, however, in Hole 736B appeared three times greater than the diatom quantities in the uppermost sections of Hole 736A. The percent contribution of Chaetoceros resting spores to total diatoms also shifted from 20% at Hole 736B to about 5.5% at Hole 736A. Both spore assemblages were comprised of Chaetoceros neglectus, Chaetoceros sp. A, and Chaetoceros sp. B.
Adjusting for sedimentation rate and bulk densities, Site 736 yielded 5.01 × 10 11 diatoms/cmVyr, of which 13.8% were spores. The highest spore abundances were found within Hole 736B cores, reaching a maximum adjusted value of 3.75 × 10 12 spores/cmVyr at approximately 0.4 Ma. Nitzschia kerguelensis forms 34.8% of the total diatom abundance, whereas all pennates combined were 47.6%.
Site 737
Site 737 is located 100 km southeast of Site 736, also on the northern edge of the Kerguelen Plateau, in a water depth of 564 m. Quaternary sediments at Site 737 were confined to the upper 1.5 m of the core. Within this narrow band diatom abundances fluctuated considerably as did preservation. Adjusted diatom abundances were comparable to those at Site 736, at 1.47 × 10 11 diatoms/cmVyr. The spore assemblages were similar in composition to Site 736, with the percentage contribution increasing to 20.2% of all diatoms. The relative proportion of spores to total diatoms was remarkably similar between Hole 736B and Site 737, despite a difference to mean diatom abundance. Although the relative abundances of pennate diatoms were similar between these two northern Kerguelen Sites, the percentage contribution of Nitzschia kerguelensis dropped by half, to about 18%.
Site 738
Situated on the southern Kerguelen Plateau, Site 738 was drilled in 2252.7 m of water. The upper 13.5 m of Hole 738B was estimated to be less than 3.9 Ma old with a sedimentation rate of 2 m/m.y. Spore assemblages in both Cores 119-738B-1H and 119-738B-2H were again dominated by Chaetoceros neglectus and Chaetoceros sp. A. Core 119-738B-1H, the bottom of which is 0.42 Ma old, averaged 1.1% spores. Diatoms were well preserved in these samples and averaged 1.08 × 10 9 valves/g sediment. Pennates dominated these sediments at 80.1%, with Nitzschia kerguelensis comprising about half of this number. Within Core 119-738B-2H, diatom and spore abundances dropped. Resting spores made up only 0.6% of the total diatoms (averaging 6.5 × 10 8 diatoms/g sediment). Similarly, the percent contribution of Nitzschia kerguelensis dropped from 40% to 5.8% of the total diatoms.
Compared with the northern Kerguelen Sites, Site 738 showed a marked reduction in sedimentation rates. Mean adjusted diatom abundances were also lower, on the order of 1.1 × 10 10 diatoms/cmVyr were, in contrast to the increased proportion of pennates.
Site 739
Site 739 is one of the five sites Leg 119 occupied in Prydz Bay. The site is situated on the outer boundaries of the bay, in a water depth of only 421 m. Sediments in the upper 20 m of the core appeared Quaternary in age, but proper biostratigraphic controls were not present for age determination. This site yielded the lowest mean diatom abundances for the nine sites examined (3.44 × 10 6 cells/g sediment). Of the total diatom assemblage, 85% of cells were made up of the combination of spores (34%) and pennates (51.5%).
Site 740
In a water depth of 807.5 m, Site 740 constitutes the innermost of the two inner Prydz Bay stations. Quaternary samples were estimated to be younger than 0.62 Ma, but sedimentation rates again could not be determined. Diatom assemblages varied from abundant and well-preserved to sparse and poorly preserved. The mean value for diatom abundance, however, was the highest of all stations examined, at 6.83 × 10 8 diatoms/g sediment. Chaetoceros resting spores accounted for 20% of the total diatom assemblage. Chaetoceros neglectus and Chaetoceros sp. A again dominated the spore assemblage. Vegetative valves from Chaetoceros dichaeta and Chaetoceros atlanücum f. bulbosum were also commonly found. Typically, pennates accounted for 52% of the all diatom valves.
Site 741
Site 741 was occupied in a water depth of 551.4 m and is the outermost of the inner Prydz Bay stations. Diatoms were observed only in the upper 30 m of this core, with diatom abundances ranging from 0 to 4.45 × 10 8 frustules/g sediment. Preservation varied from poor to good, with considerable breakage typical. As with Site 740, a lack of micro fossils disallowed an estimate of sedimentation rates. In diatom-bearing samples, pennates comprised about 82% of the total cells. Nitzschia cylindrus, Nitzschia kerguelensis, Nitzschia curta, and Nitzschia ritscheri were some of the dominant forms present. Spore assemblages made up less than 10% of these diatom assemblages. Of the spores, once again Chaetoceros neglectus and Chaetoceros sp. A dominated the spore assemblage.
Site 742
Quaternary sediments were restricted to the upper 4.5 m of this 316 m core, with a maximum age of 0.62 Ma. In 415 m of water, sediment from this outer Prydz Bay station lacked the necessary microfossils for the determination of sedimentation rates. Diatom abundances ranged from rare to 5.8 × 10 7 valves/ g sediment. Again because of the lack of chronological control, sedimentation rates were not available. Of those sediments bearing diatoms, the Chaetoceros spore assemblage occupied 33% of total cells, matching the 34% of Site 739. Thus, the two outer Prydz Bay Sites appeared to have relatively more spores, while also having lower total diatoms, than the two inner Prydz Bay sites. The sediments were again pennate rich, comprising 43% of total cells.
Site 743
No spore samples were taken from this outermost Prydz Bay site because of the poor diatom abundance and preservation. The lack of sedimentation rates did not allow for calculating an adjusted diatom abundance. Total cell numbers/gm sediment were, therefore, compared. Diatoms were most abundant at the two inner Prydz Bay stations. Chaetoceros resting spores averaged roughly 25% of the total diatom assemblage with pennates at almost 60%. Although maximum diatom numbers were present in Prydz Bay, maximum spore abundances were found at the north Kerguelen sites. Similarly, maximum numbers of Nitzschia kerguelensis were also found to the north at the southern and eastern Kerguelen Sites.
Site 744
The second southern Kerguelen Plateau site includes Holes 744A and 744B. At this deep-water site (2307.3 m), sediments within the upper 9.5 m were estimated to be younger than 0.65 Ma. Sedimentation rates of 4.6 m/m.y. were slightly higher than the estimates for Site 738. Diatoms were, in general, well preserved and abundant. Mean diatom abundances for Hole 744A (3.39 × 10 8 valves/g sediment) were approximately twice that of Hole 744B (1.88 × 10 8 frustules/g sediment). The relative numbers of spores and total pennates to total diatoms remained about the same. Variability of within-site comparisons in absolute diatom numbers is as great as between-site comparison. Chaetoceros resting spores appeared consistently less than 0.5% at these sites. Nitzschia kerguelensis dominated a uniformly pennate-rich sediment.
Site 745
Site 745, the deepest of the sites occupied during Leg 119 (water depth of 4093 m), is situated on a sediment ridge along the southeast slope of the Kerguelen Plateau. The sediments examined were younger than 0.55 Ma. Diatoms were abundant and well preserved. Samples from both Holes 745A and 745B were found to yield mean adjusted diatom abundances of 4.40 × 10 11 valves/cm/yr. Resting spores formed a modest 2% of these valves. Nitzschia kerguelensis, however, comprised almost 50% of total diatom frustules found. Both sites 744 and 745 produced the highest maximum numbers of Nitzschia kerguelensis.
DISCUSSION
Diatom content, abundance, and preservation varied considerably within these sediments, as a function of both age and location. Such fluctuations are thought to reflect changes in sedimentological and environmental regimes through time (Schrader, 1976 ). In addition, diatom preservation and abundance in sediments is thought to accurately reflect annual productivity in the overlying water column (Burckle, 1984) . Diatom resting spores also appeared abundantly throughout the Quaternary sediments of the Kerguelen Plateau and Prydz Bay. Figure 1 illustrates comparisons in mean diatom abundance, mean percent contribution of resting spores, and mean percentage pennate diatoms by site. Sediment of the inner Prydz Bay sites demonstrated the highest absolute diatom abundances, 1.73 × 10 13 valves/g sediment. Lowest abundances were found immediately to the north at the outer Prydz Bay sites. Typically accounting for 20% of the total diatom assemblage, spore assemblages at times comprised 91% of the diatom component. Lowest spore percentages, typically less than 5%, appeared in the deep-water stations on the southern Kerguelen Plateau.
The spore assemblages were primarily dominated by spores of Chaetoceros neglectus (PI. 1) and an unknown Chaetoceros species, sp. A (PI. 2). These two spores were found by the author in surface sediments from the Ross Sea, from the Brans- field Strait, and from the Weddell Sea. Their overall distribution appears circumpolar. Other Chaetoceros species occur in lesser numbers within these sediments, but their specific affinities are as yet undetermined (Pis. 3 and 4). The sediments appeared to be primarily pennate dominated, with a pennate component of 40%-80% of the total assemblage. The reduction in the percentage of Nitzschia kerguelensis to total diatoms, within Prydz Bay, suggests a sea-ice controlled environment (Burckle, et al., 1987 ), yet resting spore related species are able to maintain high abundances. Within this study no direct or simple correlation between the distributions of spore numbers and other species was evident. Figure 2A illustrates a ranking of total diatom abundances and the relative contributions of resting spores, by site. Resting spores appeared most numerous within the sediments of Prydz Bay and across the northern Kerguelen Plateau. Figure 2B further depicts a trend of high productivity over the northern Kerguelen Plateau, increasing slightly to the southern Kerguelen Plateau, declining in the vicinity of outer Prydz Bay, and then increasing again within Prydz Bay. Surface chlorophyll data trends further tend to substantiate this pattern (Barron, Larsen, et al., 1989) . Spore numbers are greatly reduced in the deeper waters over the southern Kerguelen Plateau. It should be noted that several collections of living phytoplankton made over these sites contained Chaetoceros neglectus-bearing resting spores (personal observation). Fecal pellets from euphausiids and copepods also were laden with similar spores, as well as numerous pennate forms (Barron, Larsen, et al., 1989) . Most centric forms appear highly fragmented within these pellets (personal observation). Such packaging would facilitate a more rapid sedimentation of spore forms and pennate diatoms.
SUMMARY AND CONCLUSIONS
Resting spores of the marine diatom genus Chaetoceros Ehr. commonly occur throughout the Quaternary sediments of the Southern Ocean. Large numbers of spores, of relatively few species, can periodically dominate water column assemblages, zooplankton fecal pellets, and the underlying sediments. Spore abundances fluctuate both within and between drill sites. These Chaetoceros spores appear circumpolar in distribution, with Chaetoceros neglectus a common dominant. At least two other Chaetoceros species are commonly represented in the sediments by their resting spores, their specific affinities yet to be determined.
Diatom resting spores were found to be common not only in the sediments of near-shore waters, but were found to reach maximum numbers over the northern Kerguelen Plateau. Again, these resting spore distributions appear to follow the general trends in primary productivity patterns indicated by chlorophyll distributions. The high supply rates, high sedimentation rates, and stronger silicification of spores endow the sediments with a productivity record of the more delicate Chaetoceros vegetative forms from which they are formed. Chaetoceros species have widespread distributions throughout the Southern Ocean. Further work on those factors initiating resting spore formation in nutrient-rich polar waters and subsequent spatial distributions is needed for further evaluation.
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